Poly͑N-vinylcarbazole͒ ͑PVK͒ has been fabricated by spin-coating to show the bistable resistance switching characteristics. Various resistance states can be made by controlling the on-state current through the PVK films. The resistance of the on-state PVK films also affects the turn-off current, which needs to erase the on state. The filament theory is used to elucidate the observed phenomenon. We demonstrate that the PVK films exhibit good retention and stable "read-write-read-erase" cyclic switching characteristics. The PVK films also show a good switching behavior with on-off ratio of 10 4 , which will be a potential material for nonvolatile memory application. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.2051801͔
Organic materials have attracted significant interest in fabricating the memory devices that are capable of reversibly switching between two states, often referred to as "0" and "1." The two states can be controlled by voltage or current for organic materials to exhibit the high-or low-resistance state. The potential of the polymer memory devices is that they show nonvolatile characteristics. This indicates that they enable standby operation and save energy. Moreover, polymer microelectronics are less expensive to fabricate for storing information than silicon devices.
The bistability of the resistance state has been found in inorganic oxide, 1 chalcogenide, 2 colossal magnetoresistance, 3 perovskite oxide, 4 and organic materials. 5, 6 The bistable switching is usually observed in materials with imperfect structures, such as nonstoichiometry or impurities. In addition, He et al. demonstrated that Au nanoparticles embedded in the organic matrix showed electrical bistability. 7 The nanoparticles play an important role determining the electrical bistability of the structure. Ma et al. reported that copper ions in polymer films also manifested bistable switching. 8 The Cu + concentration in the polymer dominates the switching behavior. Several mechanisms have been proposed to explain the bistable phenomenon of various materials.
3, [9] [10] [11] In this work, multiple onstate resistances of the poly͑N-vinylcarbazole͒ ͑PVK͒ films are investigated and their effects on the switching behavior are addressed.
The metal-organic-metal ͑MOM͒ structure was fabricated to examine the electrical behavior of PVK films ͑weight-average molecular weight M w = 1 100 000 and glass transition temperature T g = 200°C͒. An aluminum film was evaporated on a bare Si substrate as a bottom metallic electrode. PVK was dissolved in 1,2-dichloroethane solution ͑5 mg/ml͒ with a magnetic stirrer at room temperature. The solution was spin-coated on the Al/ Si substrate. After spin coating, the films were baked at 100°C for 2 min and vacuumed at 6 ϫ 10 −7 Torr for 30 min. The film thickness was about 100 nm as measured by ellipsometry ͑refractive index n = 1.70͒. Finally, the top Al electrode was deposited by thermal evaporation at a pressure of 6 ϫ 10 −7 Torr through a shadow mask. The diameter of the circular dot is 730 m. An Agilent 4155 semiconductor parameter analyzer was employed to measure the bistable switching of the MOM structure. All electrical measurements were conducted in ambient condition. Figure 1 shows the current-voltage characteristics of the Al/ PVK/ Al structure. When the negative bias ͑with respect to the bottom electrode͒ is swept from 0 to − 10 V, the leakage current abruptly increases by four orders of magnitude and switches PVK films to a low-resistance state at −8 V. When sweeping positive bias from 0 to 5 V, a sudden decrease of the leakage current is observed and the resistance of the oxide is restored to its initial value at 4 V. Consequently, the switching behavior leads to a pronounced hysteretic I-V characteristic with two different resistance states. The result presents the nonvolatile nature of memory in the PVK films. The inset in Fig. 1 shows the response of on-and offstate resistances at a bias of 1 V. The on-and off-state resistances are read every 100 s and they suggest good stability after a time period of 10 5 s. The "read" state can be applied by a small bias ͑negative or positive͒ below the turn-on/off voltage. The off-state resistance ͑10
6 ⍀͒ is 10 4 times higher than the on-state resistance ͑100 ⍀͒ at a reading voltage of 1 V. Figure 2͑a͒ shows the turn-off process when the turn-on compliance current is restricted to 50 mA. It is noted that the turn-off process is associated with the current through the PVK films. The device cannot be turned off if the current does not exceed a threshold value. To resolve the turn-off current, sweeping the current source from 0 mA to 100 mA at a step of 100 A is conducted. As is shown in Fig. 2͑b͒ , the resistance is low when the PVK film is in the on state. However, while the current through the PVK film exceeds the threshold value, the voltage across the film abruptly increases to a compliance voltage of 20 V. After the turn-off process, the PVK film preserves the off state. Figure 3 shows the turn-off current and resistance of the PVK films as a function of the turn-on compliance current. Interestingly, the turn-off current can be controlled by the turn-on compliance current. The turn-off current appears to be increased as the turn-on compliance current increases. The result may be explained by the filament theory. 9 During forming of the filament, the weak spots of the dielectric will be stressed under an enhanced electric field and become feasible for the current flow. This on-state current is due mainly to the hopping or tunneling of charges between traps localized in the gap of the polymer. PVK is known as the holemigration material. 12 A possible mechanism of the bistability can be explained in terms of the trapping and detrapping of the majority carrier in the PVK films. The trapping sites occupied by holes can cause different electronic distribution, giving rise to various conducting states of the polymer. A negative capacitance is measured after the PVK film is turned on. It indicates that considerable trapping sites are filled by the carrier and the films become electrically conductive. The residence time of trapping carriers is very large even when the applied voltage is removed. The trapping carriers seem to be "localized" and enough energy will be required to detrap them. Consequently, the current through the films should exceed the threshold value so that the trapping carriers could be released, as depicted in Fig. 2͑a͒ . The resistance of the on-state PVK films is also determined by the turn-on compliance current, as shown in Fig. 3 . It suggests that the lower turn-on compliance current will induce the PVK film to a higher resistance, which is easily turned off with a smaller current. If a few conducting filaments are formed, additional conducting filaments may no longer be formed since most current flows through previously formed conducting filaments. As a result, the rupture of the conducting filament is dependent on the resistance of the forming filament.
The basic memory operations of writing, reading, and erasing have also been performed for the PVK films. Figure  4͑a͒ shows the voltage stressed on the device and Fig. 4͑b͒ shows the current change associated with the applied voltages. The voltages for read, write, and erase are 1, −8, and 4 V, respectively. Initially, the device is in its off state. A −8 V voltage was introduced and triggered the device to its on state. To probe the state, a small reading voltage of 1 V was applied to the device after the turn-on process. The on state was read for 1 min. After the reading process, a 4 V voltage was applied to erase the on state and to switch the device to its off state, followed by a 1 V reading voltage for FIG. 2 . ͑a͒ The switching from on state to off state appears to be triggered by the current through the film. The turn-on compliance current is restricted to 50 mA. If the current through the film is less than the threshold value, the device cannot be turned off. ͑b͒ Determination of the turn-off current by sweeping the current source from 0 mA to 100 mA at a step of 100 A. 1 min. The whole set of operations is repeated continuously. The result shows that the PVK film exhibits a good rewritable characteristic for nonvolatile memory device applications.
In this work, we demonstrate the resistance switching of PVK films for newly emerging nonvolatile memory technologies. The on-state resistance can be controlled by restricting the on-state current through the films, which will influence the turn-off current. The mechanism is explained on the basis of the filament theory. Reproducible resistance switching with a large on-off ratio of 10 4 can be achieved for the spin-coated PVK films. The PVK films also exhibit a good retention characteristic after a time period of 10 5 s. A feasible result of the "read-write-read-erase" cyclic switching is also observed reproducibly for the PVK films.
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